The engineering of thermal emission is attractive for fundamental science and a wide range of energy-harvesting applications, including radiative cooling [1] , thermophotovoltaics [2] , and infrared camouflage [3] . In recent years, plasmonic and polar materials have been considered as promising pathways to realize controllable thermal radiation. Thermal emitters based on plasmonic materials can operate in the midinfrared wavelength range but have the constraint of wide bandwidth because of the large optical loss of electrons in metals [4] [5] [6] . Since optical phonons in polar materials exhibit picosecond lifetimes that are orders of magnitude longer than electrons in metals [7] , polar materials possess a lower optical loss rendering narrow emission bandwidth. Furthermore, thermal emitters based on polar materials can achieve the control of thermal emission in the midinfrared to terahertz spectral range.
Polar crystals include quartz (SiO 2 ) and silicon carbide (SiC), et al. They can generate surface phonon polaritons (SPhPs) via the intrinsic vibrations of optical phonons and enable strong light-matter interactions within the so-called "Reststrahlen" band. This band is related to a spectral wavelength range between the longitudinal optical (LO) phonon mode and transverse optical (TO) phonon mode. Moreover, inside the Reststrahlen band, the permittivity of polar crystals exhibits a negative real part and a small imaginary part. The SPhPs in polar crystals have accommodated a broad range of applications in thermal emission [8] [9] [10] [11] [12] and near-field imaging [13] .
Nevertheless, there are mainly two limiting prospects for thermal emitters based on polar crystals. For one thing, the bare polar materials exhibit low emissivity within the Reststrahlen band. Although some progress has been made to enhance the emissivity of polar materials via changing their geometric structures (such as gratings [8, 14, 15] , metasurfaces [12, 16] ), the incurred complex fabrication process still limits the commercialization with low-cost and high-efficiency. And for another, there is little room for active tuning of their thermal emissivities since they originate from the intrinsic lattice vibrations of polar crystals, thereby restricting their applications in many fields. There are, however, a few classes of materials that can tune the thermal emission, including electrically tunable materials (such as graphene [17] ) and phase-changing materials (such as VO x [18] ). But their tuning functionalities vanish when the external stimulus is switched off, rendering the tuning volatile.
In this Letter, we combine the narrow emission in SiC polar crystals and the nonvolatile tuning property of phase-changing material Ge 2 Sb 2 Te 5 (GST) to realize a tunable SiC-based thermal emitter. A thin coating of GST onto the polar materials provides the great potential not only to overcome the setbacks of both low emissivity and complex manufacturing process, but also to dynamically control the emissivity in the midinfrared spectral range. GST, which has yet emerged as a superior candidate to achieve nonvolatile tuning in electronic and photonic devices [19] [20] [21] , possesses two states, an amorphous state (aGST) and a crystalline state (cGST), with distinct optical and electrical properties due to their different atom structures. This thermal emitter presents several distinct features: (i) enhanced peak emissivity in the Reststrahlen band, as the peak value of this thermal emitter approaches the ideal blackbody maximum, which is much larger than that for bare SiC; (ii) dynamically tuning of the peak emissivity with an extinction ratio over 10 dB through controlling the state of GST; (iii) omnidirectional with the incidence angles between 0°and 50°; (iv) ease-of-fabrication since simple GST deposition onto a SiC substrate is involved; and (v) zero-static-power consumption because the GST state is stable at room temperature even without external power sustainment.
The structure and cross-section schematic of this tunable thermal emitter are sketched in Fig. 1(a) . It combines a 280-nm-thick GST on top of a 330-μm-thick SiC substrate. The GST alloy is composed of germanium (Ge), stibium (Sb), and tellurium (Te) with a deposition ratio of 2:2:5 based on sputtering. Dielectric function (ε) of SiC can be represented by a Lorentz oscillator model ενnik [12] . At the Reststrahlen band of SiC (from 10.32 μm to 12.61 μm), polar crystals act like metals that manifest a high-reflectivity property [ Fig. 1(c) ]. For GST, the phase transition from aGST to cGST happens gradually when the annealing temperature exceeds 160°C. When such a phase transition happens, the atomic distribution of GST alloy transforms from a disordered state into a well-organized state [inset of Fig. 1(a) ]. Within 9 μm to 14 μm, the refractive index (n) of aGST and cGST is approximately 4.3 and 6.3, respectively [ Fig. 1(d) ] [4] . As for the extinction coefficient (k), aGST is near zero and can be regarded as the transparent dielectric, whereas cGST is about 0.6 and has the relatively higher optical loss. In the Reststrahlen band, SiC substrate remains a fairly low emissivity below 0.6. Once a GST layer is deposited on the top, the near-unity emissivity can be obtained for cGST. High contrast in the emissivity peak and bandwidth between the two states of GST is also achieved [ Fig. 1(b) ].
Experimental emission and emissivity spectra of bare SiC and GST-SiC structures with different GST thicknesses (230 nm, 280 nm, and 370 nm) are shown in Figs. 2(a) and 2(b). The emissivity (emission)/absorptivity spectra of GST-SiC structure can be measured by a Fourier transform infrared spectrometer (FTIR) and a room-temperature doped triglycine sulfate (DTGS) detector with a black soot/gold reference. Throughout the emissivity (emission) measurement process, the black soot reference and the samples are all stabilized onto a hot plate at 100°C. The emissivity (ε samp λ; T , where λ and T denote wavelength and temperature, respectively) of a sample can be derived from ε samp λ;T ε ref λ;T × S samp λ;T ∕S ref λ;T ), where S samp λ; T and S ref λ; T are the measured emission spectra of the sample and the reference, respectively, and ε ref λ; T is the emissivity of the reference. The maximum emissivity for cGST thickness of 230 nm, 280 nm, and 370 nm is 0.99, 0.98, and 0.95, respectively; the resonance wavelengths are 12.2 μm, 12.3 μm, and 12.5 μm, respectively; the full width at half-maximum (FWHM) of aGST/cGST-SiC structures for GST thickness of 230 nm, 280 nm, and 370 nm are 1.41/ 1.15 μm, 1.48/0.86 μm, and 1.51/1.53 μm, respectively, indicating quality factors (λ 0 ∕Δλ, λ 0 is the peak wavelength, Δλ is the FWHM) of 7.9/10.6, 7.7/14.0, and 7.8/8.1, respectively. According to Kirchhoff's law of thermal radiation, absorptivity and emissivity of an object under the specific wavelength are the same. The corresponding absorptivity result is calculated by COMSOL Multiphysics software [ Fig. 2(c) ], which agrees well with the measured emissivity [ Fig. 2(a) ]. Meanwhile, the corresponding enhanced thermal emissivity for cGST-SiC with respect to bare SiC (ER 1 10 × lgE c ∕E b ; E c and E b are the measured emissivity of cGST-SiC structure and bare SiC at the same wavelength) is as large as 11.38 dB, 11.21 dB, and 10.55 dB, respectively [ Fig. 2(d) ]. And aGST-SiC samples are all in low emissivity (<0.4). The maximum extinction ratio between cGST-SiC and aGST-SiC (ER 2 10 × lgE c ∕E a ); E c and E a are the measured emissivity of cGST-SiC and aGST-SiC structure at the same wavelength) is as large as 8.38 dB, 10.69 dB, and 6.98 dB for GST thicknesses of 230 nm, 280 nm, and 370 nm, respectively [ Fig. 2(d)] .
Simultaneously, emission and emissivity spectra of this thermal emitter under various tilt angles from normal are also measured [ Figs. 3(a) and 3(b) ]. For GST-SiC structure with a GST thickness of 280 nm, the peak emissivity of aGST-SiC structure and cGST-SiC at the Reststrahlen band maintains approximately at 0.28 and 0.75, respectively, when the radiation angle is changed from 0°to 20°. The measured and simulated absorptivity of aGST-SiC and cGST-SiC structure under various incidence angles is provided in Figs. 3(c) and 3(d) . With the incidence angles from 20°and 50°, the measured peak absorptivity of cGST-SiC remains above 0.86 while that of aGST-SiC is below 0.44 [ Fig. 3(c) ]. The measured and simulated peak absorptivity shows high angle independence for the absorption of GST-SiC structure.
To unveil the physics, normalized electric field (jEj) and resistive loss (Q) distributions of the samples with the GST thickness of 280 nm inside the Reststrahlen band of SiC are calculated based on COMSOL Multiphysics software [Figs. 4(a) and 4(c)]. The resistive loss, as the representation of the absorption (or radiation) at a specific wavelength and a specific location can be derived from Q πcε 0 ε 00 λjEj 2 ∕λ, where c is the light velocity in vacuum, ε 0 is the permittivity of vacuum, ε 00 is the imaginary part of the relative permittivity inside the material, and jEj 2 is the intensity of the electric field [22] . According to the resistive loss distributions of aGST-SiC and cGST-SiC structures, it is obvious that the absorption in the former sample is much stronger than the latter one. The absorption resonance in the Reststrahlen band occurs when the thickness of the dielectric layer is around 280 nm (λ∕7n 2 , where n 2 is the refractive index of the dielectric film and d is the thickness of the dielectric layer). For a conventional metal substrate, which can be regarded as a perfect electric conductor (PEC) at 9 μm to 14 μm, the absorption resonance occurs when it is covered with a lossy dielectric layer with the thickness of λ∕4n. The reduced thickness at resonance here can be attributed to the strong interference effects between highly absorbing dielectic (cGST) and SiC substrate (which cannot be treated as a PEC) [23] . For cGST-SiC structure, the total reflectivity from the front facet reflection after several roundtrips inside the cavity can cancel most of the reflectivity from the first reflection when the light impinges onto the surface of the sample, and hence cGST-SiC sample can reach the near-unity absorptivity. For aGST-SiC structure, the reflectivity from the first reflection cannot be canceled by the other partial waves, and therefore a low absorption peak is obtained [23] .
To further study the physics at the resonant wavelength of aGST-SiC (11.62 μm) and cGST-SiC (12.3 μm) samples, the variations of the electric fields and resistive loss along the z axis are plotted in Figs. 4(b) and 4(d) . When light travels through GST-SiC structure, the intensity of the electric field decreases gradually. Moreover, the intensity of the electric field in aGST-SiC sample is much stronger than that in cGST-SiC structure due to the transparency of aGST [Figs. 4(a) and 4(b) ]. The absorption only happens in SiC substrate for aGST-SiC sample while the absorption occurs both in cGST and SiC for cGST-SiC sample [ Fig. 4(c) ]. For aGST-SiC structure at the resonant wavelength of 11.62 μm, the total absorption, which is 21.0% of the incident light, happens in SiC substrate (ε 00 SiC 3.26 at 11.62 μm) [ Fig. 4(d) ]. And for cGST-SiC structure at the resonant wavelength of 12.3 μm, a near-unity absorption is achieved while 21.0% and 79.0% occur in SiC and cGST, respectively [ Fig. 4(d) ]. The strong electric field contributes to the large resistive loss in cGST layer even though the imaginary part of permittivity inside cGST (ε 00 cGST 0.68 at 12.3 μm) is smaller than that in SiC (ε 00 SiC 7.16 at 12.3 μm). Although the electric field in SiC substrate in cGST-SiC sample is much lower than that of aGST-SiC sample [ Fig. 4(b) ], the absorptions in SiC in both samples are almost the same (21.0% versus 21.0%). The reason is that SiC is highly dispersive in the Reststrahlen band edge, and the imaginary part of the permittivity at 12.3 μm (ε 00 SiC 7.16) is much larger than that at 11.62 μm (ε 00 SiC 3.26). . When the annealing temperature is higher than 195°C, the peak wavelength will maintain at 12.3 μm while the maximum emissivity continues to increase. For the second annealing method, when the annealing time increases from 20 s to 300 s, the peak emissivity rises from 0.39 to 0.97 and the wavelength redshifts from 11.4 μm to 12.3 μm [Figs. 5(c) and 5(d)]. The peak wavelength will be stable at 12.3 μm with the annealing time longer than 60 s. Meanwhile, the maximum emissivity still increases and reaches its peak value when aGST transforms into cGST completely. It can be concluded that the phase transition of GST alloy from amorphous state to crystalline state is gradual. The redshift of the resonance wavelength is due to the slowly increasing of n while the increase of k is mainly accountable for the rise of the peak emissivity. The intermediate states of GST are stable for a long time and require no sustained heat source to maintain.
In conclusion, we have introduced a nonvolatile thermal emitter composed of a thin phase-changing film GST combined with the polar crystal SiC that is capable of tuning the thermal emission dynamically in the midinfrared domain. The near-unity emissivity and an extinction ratio over 10 dB can be achieved by controlling the state of GST inside the Reststrahlen band of SiC. The emissivity and peak wavelength can be continuously tuned through controlling the crystallization proportion of GST by various annealing temperatures or times. Furthermore, this thermal emitter presents several properties including angular insensitivity, lithography-free fabrication, and zero-static power. This layered thermal emitter paves the way toward the dynamic thermal emission control in fundamental science and can significantly benefit a number of applications, including light sources, radiative cooling, and infrared camouflage. 
